The in vitro and in vivo actions of ciliary neurotrophic factor (CNTF) suggest that endogenous CNTF plays a role in nervous system development and maintenance. CNTF produces most, possibly all, of its effects by binding to a protein referred to as CNTF receptor α (CNTFRα). Information on CNTFRα tissue expression and dynamics would be advanced by the availability of reagents suitable for studying the subcellular localization and trafficking of CNTFRα. This paper describes the genetic construction, synthesis, purification and properties of a chimeric protein in which a highly fluorescent form of the green fluorescent protein (GFP) has been fused to human CNTF. The fusion protein, termed GFP-CNTF, was expressed in Escherichia coli. Histidine tagging of GFP-CNTF permitted ready purification by means of immobilized Ni(II) chromatography. Under non-reducing conditions GFP-CNTF migrated on SDS-PAGE with an apparent molecular mass of 50 kDa, although under reducing conditions it behaved electrophoretically as a 67 kDa species. Despite these discrepancies, the molecular mass of GFP-CNTF determined by mass spectrometry (54 755) agreed well with its deduced relative molecular mass of 54 536. Importantly, the absorbance profile of the GFP chromophore in GFP-CNTF was not modified by the presence of the CNTF domain. Moreover, the fluorescence emission spectrum of GFP-CNTF overlapped that of GFP, showing neither a change in absorbance shift nor a difference in the fluorescence quantum yield. Circular dichroism spectroscopy confirmed that the CNTF and GFP domains of GFP-CNTF folded independently of each other. GFP-tagged CNTF was equipotent to human CNTF in supporting the survival of cultured embryonic chicken sensory and ciliary ganglion neurons. GFP-CNTF, but not GFP, bound to immobilized CNTFRα and was displaced by an excess of human CNTF. GFP-CNTF specifically labeled the Purkinje cell layer in cerebellar slices from adult rat. This report is the first to describe a GFP chimera with a neurotrophic factor as the fusion partner. GFP-CNTF should provide a valuable tool for elucidating the role of CNTFRα in nervous system function. Keywords: ciliary neurotrophic factor/circular dichroism/folding/green fluorescent protein-protein tagging/receptor binding Introduction Neurotrophic factors play important roles in the survival and differentiation of many types of neurons during development
Introduction
Neurotrophic factors play important roles in the survival and differentiation of many types of neurons during development (Levi-Montalcini, 1987) . Ciliary neurotrophic factor (CNTF), a member of the cytokine family of neurotrophic proteins (Bazan, 1991) influences the in vitro survival, proliferation and differentiation of a wide range of neural cell types (for reviews, see Ip and Yancopoulos, 1992; Richardson, 1994; Sendtner et al., 1994) . Exogenously provided CNTF rescues motor neurons from ontogenetic cell death (Wewetzer et al., 1990; Oppenheim et al., 1991; Forger et al., 1993) , decreases muscle atrophy and potentiates nerve regeneration after peripheral nerve lesion (Sahenk et al., 1994) , decreases the axotomy-induced death of neurons in the central nervous system (CNS) (Sendtner et al., 1990; Hagg et al., 1992; Hagg and Varon, 1993; Mey and Thanos, 1993; Clatterbuck et al., 1993) , protects neurons from excitatory amino acid-related injury processes (Skaper et al., 1992; Wen et al., 1995; Anderson et al., 1996; Kumon et al., 1996) and induces motor neuron sprouting (Gurney et al., 1992) and synaptic potentiation (Stoop and Poo, 1995) . CNTF administration can also blunt progression in several mouse models of motor neuron disease (Sendtner et al., 1992; Mitsumoto et al., 1994; Sagot et al., 1995) . A null mutation in the CNTF gene results in progressive motor neuron atrophy but only modest postnatal neuron loss (Masu et al., 1993) .
CNTF and other members of this group of functionally related proteins, including interleukin-6 (IL-6), leukemia inhibitory factor (LIF), oncostatin M, IL-11 and cardiotrophin-1, signal through structurally related and partially shared receptor subunits (for reviews, see Kishimoto et al., 1995; Hibi et al., 1996) . The CNTF receptor complex is composed of a lowaffinity, ligand-specific α-receptor (CNTFRα) (Davis et al., 1991 (Davis et al., , 1993a , which is predominantly expressed in neuronal cells (Ip et al., 1993; MacLennan et al., 1996) and two more widely distributed signal-transducing subunits, namely gp130 and the LIF receptor-β (LIFR) (Davis et al., 1993b; De Serio et al., 1995) . Binding of CNTF to CNTFRα triggers the subsequent association of gp130 and LIFR in a high-affinity receptor complex. Heterodimerization of the latter leads to the activation of a signal transduction cascade mediated by cytoplasmic tyrosine kinases of the JAK and Src families (Stahl and Yancopoulos, 1994; Kishimoto et al., 1995) . Recent studies indicate that CNTFRα plays an essential role in development, given that CNTFRα gene knockout in mice leads to death shortly after birth accompanied by a variety of developmental defects (DeChiara et al., 1995) .
The expression of CNTFRα mRNA in the developing and adult nervous system has been examined by Northern blot and in situ hybridization (Davis et al., 1991; Ip et al., 1993; MacLennan et al., 1994) , with the cellular pattern of CNTFRα protein in the nervous system having been evaluated immunohistochemically (MacLennan et al., 1996) . More sensitive procedures, however, will likely be needed to probe receptor dynamics. Green fluorescent proteins (GFPs) are currently attracting considerable interest as the first general method to create strong visible fluorescence by purely molecular biolo-gical means. They have been used as reporters of gene expression, tracers of cell lineage and fusion tags Marshall et al., 1995; Gerdes and Kaether, 1996) . As a fusion tag, GFP can be used to localize proteins, to follow their movement or to study the dynamics of the cellular compartments to which these proteins are targeted. Numerous GFP fusion proteins have been reported Gerdes and Kaether, 1996) , although none have been characterized biochemically. To date, this technique has not been applied to neurotrophic factors. We now describe the genetic construction, synthesis and properties of a GFP chimera with human CNTF as the fusion partner. The GFP-tagged CNTF retained the spectroscopic properties of GFP and the neurotrophic activity of CNTF, bound CNTFRα and labeled known CNTFRα-expressing cell populations.
Materials and methods

Materials
Restriction endonucleases were purchased from Gibco-BRL. Plasmid pRSETB was purchased from Invitrogen; this plasmid contains a T7 polymerase-dependent promoter (Studier et al., 1990) . Plasmid pT7.7CNTF contains the coding sequence of mature human CNTF (Negro et al., 1991) . The bacterial expression vector pBAD-GFP (Crameri et al., 1996) codes for a synthetic GFP gene under control of the arabinose promoter/ repressor (kindly provided by Dr W.P.C.Stemmer, Affymax Research Institute, Palo Alto, CA). The host cell lines Escherichia coli HB101 and BL21(DE3) LysE were obtained from Novagen (Madison,WI). Deoxyoligonucleotide primers were synthesized using phosphoramidite chemistry and an Applied Biosystems 380B DNA synthesizer. PCR was performed (Saiki et al., 1988) with the Amplitaq kit (Cetus-Perkin-Elmer). DNA manipulation, transformation and plasmid purification were carried out following standard procedures (Sambrook et al., 1989) . Plasmids were constructed in E.coli HB101 and verified by double-stranded dideoxy sequencing (Sanger et al., 1977) using a Sequenase kit (US Biochemical).
Plasmid construction
The plasmid pBAD-GFP was digested with NheI and EcoRI and the resulting GFP fragment subcloned into pRSETB between the same sites, to give plasmid pHis-GFP. pHis-GFP codes for a synthetic GFP (His-GFP) with an extended Nterminus of 11 aminoacyl residues, including a hexahistidine sequence. A modified CNTF cDNA was prepared from plasmid pT7.7CNTF by PCR, using the following primers: α 5Ј ACAGATCTGGCTTTTACTGAGCATTCA 3Ј; β 5Ј TCGAATTCTCACATTTTCTTGTTGTTAGCAATA 3Ј (BglII and EcoRI sites are underlined). This cDNA was digested with BglII and EcoRI and the resulting PCR product was subcloned in pRSETB between BamHI and EcoRI to give plasmid pHis-CNTF. Using primers β (above) and γ (5Ј CTGGAGCTCCTGGCTTTTACTGAGCATTCA 3Ј) (SacI site underlined), the CNTF sequence in pHis-CNTF was PCR amplified, digested with SacI and EcoRI and the resulting product subcloned in pHis-GFP between the same restriction sites, to give plasmid pGFP-CNTF (Figure 1, top) . The latter codes for a fusion protein (GFP-CNTF) containing 480 amino acids (Figure 1, bottom) . Expression and purification of His-GFP and GFP-CNTF E.coli BL21(DE3) LysE transformed with plasmids pHis-GFP or pGFP-CNTF were plated on LB agar-coated Petri dishes in Luria's broth at 37°C. After 24 h the temperature was lowered to 22°C and incubation continued for an additional 2 days. The cells were then suspended in 2 l of Luria's broth and grown to an absorbance at 590 nm (A 590 ) of 0.8. Protein synthesis was induced by addition of 0.4 mM isopropylthiogalactoside. After 3 h the cells were pelleted (10 000 g, 20 min), resuspended (~5 g wet weight) in 50 ml of 300 mM NaCl, 10% glycerol, 20 mM Tris-HCl, pH.8.0, and disrupted by sonication. The bacterial lysate was clarified by centrifugation at 15 000 g for 35 min and then incubated with 3 ml of wet Ni(II)-nitriloacetic acid (NTA) agarose (Qiagen) in the same buffer for 1 h at 20°C. A 1ϫ10 cm column was filled with the protein-adsorbed Ni(II) agarose resin and washed with buffer A (50 mM NaCl, 10 mM EDTA, 20 mM Tris-HCl, pH 8.0) until A 280 fell below 0.01. The Ni(II) affinity column was then washed with 8 mM imidazole in buffer A and the histidine-tagged fusion protein was eluted with a gradient of 10-150 mM imidazole in buffer A. The pooled protein fractions were dialyzed against buffer A and stored at -20°C. The purity of GFP-CNTF and His-GFP was evaluated on 12% SDS-PAGE. Protein bands were visualized either by UV radiation at 366 nm or by staining with 0.25% Coomassie Brillant Blue R-250.
Mass spectrometry
Molecular masses were determined using a Maldi-1 mass spectrometer (Kratos-Shimadzu). The protein of interest was added to synapinic acid as matrix and the instrument calibrated according to the manufacturer's instructions.
Spectroscopic measurements
Absorbance spectra were obtained with a double-beam PerkinElmer Lambda-2 spectrophotometer. Absorption coefficients at 280 nm were calculated according to Gill and von Hippel (1989) and taken as 1.27 mg -1 cm 2 for CNTF and 1.08 mg -1 cm 2 for His-GFP. The absorbance profile was monitored between 240 and 550 nm using a 1 cm pathlength cell. Fluorescence emission spectra were obtained with a PerkinElmer LS-50 spectrofluorimeter thermostated at 25°C. Circular dichroism (CD) spectra were recorded on a Jasco (Tokyo) Model J-710 spectropolarimeter, calibrated with d-(ϩ)-10-camphorsulfonic acid (Toumadje et al., 1992) . Results were expressed as mean residue ellipticity, [Θ] MRW:
where Θ obs is the observed ellipticity in degrees, MRW the mean residue weight of the recombinant protein (taken as 110 for CNTF and 112 for GFP-CNTF), L the cell pathlength in cm and C the protein concentration in g/ml. Far-UV CD spectra (200-250 nm) were recorded at 22-24°C and with protein concentrations of 50-200 µM. The final spectrum for each sample was obtained by averaging at least four scans; the baseline was corrected by subtracting the spectrum of the buffer. Bioassays Assessment of fusion protein neurotrophic activity was performed using purified (Ͼ95%) neurons from chicken embryonic day 10 dorsal root ganglia (Skaper et al., 1990) . Neurons were seeded into laminin/polyornithine-coated 6 mm diameter microwell plates (Falcon) at a density of 2000 cells/well, containing serial dilutions of the desired factor. The medium consisted of Dulbecco's modified Eagle's medium supplemented with 2 mM glutamine, 100 U/ml penicillin and 10% fetal calf serum. Surviving neurons were counted under phase contrast microscopy in 48 h cultures fixed with 2% glutaraldehyde (Skaper et al., 1990) .
CNTFRα binding assay
The ability of GFP-tagged CNTF to recognize CNTFRα was determined in a solid-phase binding assay. Recombinant human CNTFRα was cloned and expressed in a bacuolvirus expression vector and purified to homogeneity by affinity chromatography over a column of immobilized human CNTF (A. Negro, unpublished data) . Five micrograms of CNTFRα were separated on 12% SDS-PAGE under non-reducing conditions and electroblotted on to an Immobilon membrane (Millipore). The membrane was first incubated with 10 ml of 5% bovine serum albumin in buffer B (50 mM NaCl, 10 mM Tris-HCl, pH 7.4) for 2 h to block non-specific sites and then with 10 ml of 2 µg/ml GFP-CNTF or 2 µg/ml His-GFP (in buffer B) for 1 h at 20°C. The specificity of binding to CNTFRα was tested using either His-GFP or GFP-CNTF together with an excess of CNTF. Membranes were washed in buffer B (3ϫ5 min) at room temperature. The greenish fluorescent bands or spots containing CNTFRα-GFP-CNTF complexes were detected under UV radiation at 366 nm and recorded with a CCD camera for later playback and photography.
GFP-CNTF histochemistry
Long-Evans male rats were anesthetized and perfused transcardially with 4% paraformaldehyde-0.1 M phosphate buffer, pH 7.2. Brains were then removed and incubated at 4°C in 15% sucrose-0.1 M phosphate buffer, pH 7.2, containing 2.5 mM sodium azide for at least 24 h before sectioning. Subsequently, 20 µm free-floating sections were incubated in 0.3% Triton X-100, 0.05% bovine serum albumin, 5% fetal calf serum in phosphate buffer (pH 7.2) for 2 h at 4°C. The sections were then incubated for 2 days at 4°C in phosphate buffer (pH 7.2) containing 0.1% Tween-20, 0.05% bovine serum albumin, 1% fetal calf serum and 10 µg/ml GFP-CNTF, followed by three 20 min washes with phosphate buffer. All observations are based on examination of tissue from at least four rats and were made with an Olympus fluoresence microscope equipped with a fluoresence isothiocyanate filter and a 63ϫ waterimmersion objective. Photographs were taken using Kodak Ektachrome 400 film.
Results
Synthesis and purification of GFP-CNTF
Plasmid pBAD-GFP contains a synthetic GFP construct with altered codon usage and DNA shuffling ('cycle 3' mutant) (Crameri et al., 1996) . This mutant is reported to display a whole cell fluorescence signal 45-fold greater than a standard, the commercially available Clontech plasmid pGFP (Crameri et al., 1996) . Cloning of pBAD-GFP in pRSETB introduced 11 aminoacyl residues (MRGSHHHHHHG) at the N-terminus of the mature GFP protein, in analogy to the histidine-tagged S65T GFP mutant . The synthetic gene for human CNTF was also modified, adding 32 aminoacyl residues (again including a hexahistidine sequence) at its N-terminus. The entire human CNTF gene with this extended nucleotide sequence was subsequently fused to the C-terminus of GFP, deleting the last two amino acids in the GFP sequence which are not needed for GFP fluorescence Ormö et al. 1996) . The resulting expression vector, pGFP-CNTF, codes for a fusion protein (GFP-CNTF) of 480 amino acids (Figure 1 ). Protein synthesis in E.coli was carried out at low temperature to favor protein solubility, as for the mutant GFP of Crameri et al. (1996) . The presence of an extended Nterminal sequence in GFP or fusion of GFP to CNTF did not appear to affect protein solubilities adversely.
Purification of histidine-tagged GFP and GFP-CNTF to homogeneity was achieved under non-denaturing conditions by affinity chromatography with immobilized Ni(II) serving as the adsorbent. The column-bound recombinant proteins were readily visualized with UV radiation at 366 nm. The final yields of purified protein were 38 mg for His-GFP and 3.2 mg for GFP-CNTF per liter of bacterial suspension. GFP-CNTF and His-GFP exhibited differential behaviors when subjected to SDS-PAGE under non-reducing and reducing conditions. GFP-CNTF showed an apparent faster migration under non-reducing (50 kDa) than reducing (65-67 kDa) conditions (Figure 2A, lanes a and c) . In contrast, His-GFP migrated more rapidly under reducing (29 kDa) than nonreducing (31 kDa) conditions (Figure 2A, lanes b and d) . The faint band at 110 kDa in lane a probably represents a GFP-CNTF dimer formed by a disulfide bridge between Cys17 in each CNTF, while the formation of a GFP-CNTF doublet between 65 and 67 kDa (Figure 2A, lanes a and c) CNTF were visible with UV radiation on reducing gels ( Figure  2B, lanes c and d) . When reduced, GFP is known to become completely non-fluorescent (Bokman and Ward, 1981; Ward and Bokman, 1982) . Because of these molecular mass differences on SDS-PAGE, protein sizes were also determined by mass spectrometry. The molecular masses obtained in this case (GFP-CNTF 54 491 Ϯ 100 Da; His-GFP 28 188 Ϯ 50 Da) agreed well with deduced relative molecular masses of 54 536 and 28 269, respectively. Spectroscopic studies GFP-CNTF displayed an absorbance profile that represented, within experimental error, the algebraic sum of the individual profiles for CNTF and His-GFP ( Figure 3A) . No increase or decrease of the absorbance profile was observed in the chromophore region related to GFP when the two proteins were examined under conditions of equivalent pH and molarity. However, the quantum yield at 470 nm seemed to be lower for GFP-CNTF than His-GFP. In the case of GFP, this region of the spectrum is strongly pH sensitive. A minor effect of CNTF on this domain in GFP cannot be entirely excluded. The fluorescence emission spectrum of GFP-CNTF overlapped that of His-GPF, with the same maximum at 510 nm and shoulder at 540 nm ( Figure 3B ). Furthermore, GFP-CNTF showed neither a change in absorbance shift nor a difference in the fluorescence quantum yield when compared with His-GFP at equimolar concentrations.
CNTF possesses a four α-helix bundle topology (McDonald et al., 1995) . The far-UV CD spectrum of GFP-CNTF ( Figure  3C ) confirmed this fusion protein to contain a high percentage of α-helical secondary structure, as described for recombinant human CNTF (Negro et al., 1991) . In contrast, the CD spectrum of His-GFP was characteristic of a protein containing mainly β-sheet elements ( Figure 3C) . Likewise, the protein fold of mutant S65T-GFP consists of an 11-stranded β-barrel with a coaxial helix (Ormö et al., 1996) . The far-UV CD spectrum of GFP-CNTF was essentially the sum effect of the CD spectral profiles for CNTF and His-GFP ( Figure 3C ), demonstrating the presence of both α-helical (CNTF) and β-sheet (GFP) secondary structural features. The data also indicate that each component of the GFP-CNTF fusion protein folds independently of the other, with no interactions between the two polypeptides at the level of their secondary structures. GFP-CNTF was stable for several months when maintained at 4°C and could be kept under UV radiation for up to several hours without photobleaching.
Neurotrophic activity of GFP-CNTF
The GFP fusion protein was competent in supporting the survival of cultured avian embryonic day 10 sensory ganglion neurons. Recombinant human CNTF and GFP-CNTF displayed EC 50 values of 21.8 and 15.0 pM, respectively ( Figure  4 ). Plateau neuron numbers maintained by either human CNTF or GFP-CNTF were not significantly different. Equivalent results were obtained using embryonic day 8 ciliary ganglion neurons (data not shown). That CNTF retains biological activity when fused to GFP is not unexpected, as the N-terminus of CNTF is not required for its neurotrophic action (Negro et al., 1994; Krüttgen et al., 1995; Negro and Skaper, 1995) .
GFP-CNTF binding to CNTFRα
GFP-CNTF recognized the CNTF-specific receptor binding protein CNTFRα. Purified CNTFRα was subjected to SDS-PAGE and then transferred to a nitrocellulose membrane. Upon incubation with GFP-CNTF, a green fluorescent band at 67 kDa, corresponding to the expected size of CNTFRα, was clearly visible on the blot under UV radiation ( Figure 5 , lane 4). Using a dot-blotting technique and a fixed concentration (1 µg/ml) of GFP-CNTF, as little as 20 ng of membranebound CNTFRα could be detected ( Figure 6B ), similar to the detection limit for dot-blotted GFP-CNTF itself ( Figure  6A ).The concentration is consistent with the reported affinity of CNTF for CNTFRα (Panayotatos et al., 1994) . His-GFP did not bind to immobilized CNTFRα ( Figure 5 , lane 2; Figure  6D ). Human CNTF displaced the binding of GFP-CNTF to dot-blotted CNTFRα in a concentration-dependent manner ( Figure 6E ).
GFP-CNTF identifies CNTFRα-expressing Purkinje cells in adult rat brain
CNTFRα-specific antibodies have been used to identify the cellular expression of CNTFRα in the embryonic and adult rat nervous system (MacLennan et al., 1996) . The more detailed CNTFRα localization patterns reported by MacLennan et al. (1996) were for adult brain and, for this reason, we chose to work with adult rat tissue. As Figure 7 shows, GFP-CNTF selectively visualized the Purkinje cell layer in cerebellar slices. Purkinje cells have also been described to stain strongly with antibodies to CNTFRα (MacLennan et al., 1996) . The fluorescence labeling of Purkinje cells by GFP-CNTF was abrogated with addition of excess CNTF and could not be mimicked by GFP alone or by the neurotrophins nerve growth factor, brain-derived neurotrophic factor or neurotrophin-3 (not shown). 1 and 3) or CNTFRα (lanes 2 and 4) was separated on non-reducing SDS-PAGE and Western blotted with His-GFP (lanes 1 and 2) or with GFP-CNTF (lanes 3 and 4). Filters were examined under UV radiation (366 nm). Note the fluorescent band in lane 4 (CNTFRα ϩ GFP-CNTF) corresponding to the expected size (67 kDa) for CNTFRα. Molecular mass markers (ϫ10 3 ) are at far left.
Discussion
Green fluorescent protein, isolated from the jellyfish Aequorea victoria, produces an intense and stable greenish fluorescence non-catalytically (Morise et al., 1974) . GFP is conformationally very stable and virtually no photobleaching occurs. The characteristic properties of GFP make this protein a good candidate for use as a molecular reporter to monitor patterns of protein localization, gene expression and intracellular protein trafficking in living cells Marshall et al., 1995;  A fixed amount of CNTFRα (50 ng) was dot-blotted and the membrane subsequently probed with (C) GFP-CNTF (100 ng/ml), (D) His-GFP (100 ng/ml) or (E) GFP-CNTF (100 ng/ml) in the presence of increasing concentrations (3-1000 ng) of CNTF. Membranebound GFP-CNTF was visualized with UV radiation. Fig. 7 . GFP-CNTF localization of CNTFRα in adult rat cerebellum. Tissue slices were incubated with GFP-CNTF as described under Materials and methods. Note the fluorescence signal in the Purkinje cell layer (white arrows). Gerdes and Kaether, 1996) . The present study is the first to describe a GFP chimera with a neurotrophic protein as the fusion partner. The fusion protein, GFP-CNTF, was histidinetagged to facilitate purification by immobilized Ni(II) affinity chromatography. GFP-CNTF was characterized biophysically and retained the neurotrophic activity of CNTF and bound to CNTFRα, the specificity-conferring α component of the tripartite CNTF receptor complex. GFP-CNTF specifically labeled Purkinje neurons in cerebellar slices, which have been shown previously to express CNTFRα by immunohistochemical techniques (MacLennan et al., 1996) .
The gene for GFP-CNTF was synthesized using plasmid pBAD-GFP, which contains a GFP construct with altered codon usage and DNA shuffling (Crameri et al., 1996) . Initial attempts at constructing a GFP-tagged CNTF using wild type GFP encountered problems in obtaining the expressed protein in a soluble, corrected folded and fluorescent form (A.Negro, unpublished data). The present methodology was also used to produce in E.coli a soluble, histidine-tagged version (His-GFP) of the unfused mutant GFP ('cycle 3' mutant; Crameri et al., 1996) . The yield of purified GFP-CNTF was about one tenth that for His-GFP, possibly owing to the presence of the CNTF domain in the former. CNTF synthesized in E.coli is found within inclusion bodies, necessitating the use of denaturing agents for solubilization prior to purification (Negro et al., 1991) . Both GFP-CNTF and His-GFP folded most easily when E.coli were grown at low temperature, as for other bacterially-produced proteins . Under these conditions the CNTF domain of the fusion protein folded correctly, permitting the denaturant-free solubilization of GFP-CNTF. It cannot be excluded, however, that the folding of GFP also influenced CNTF folding. The fluorescent nonreduced GFP-CNTF migrated as a 50 kDa protein on SDS-PAGE, whereas the non-fluorescent reduced fusion protein migrated at 65-67 kDa. Despite these discrepancies in apparent molecular mass on polyacrylamide gels, the size of GFP-CNTF determined by mass spectrometry agreed well with its deduced relative molecular mass. His-GFP also displayed differences, albeit smaller, in its gel migratory behavior. Although the reason for this mobility shift between fluorescent and non-fluorescent molecules remains unclear, the small ring structure of the p-hydroxybenzylideneimidazolidinone chromophore within the native GFP proteins may affect their mobility. The CNTF portion of the GFP-CNTF chimera could also contribute to the observed electrophoretic anomalies. Recombinant human CNTF migrates on native SDS-PAGE at 27 kDa, although it has a molecular mass of 23 kDa (Negro et al., 1991) .
Importantly, the fluorescence characteristics of the expressed protein were not affected by the fusion of CNTF to GFP or by the fusion of 11 aminoacyl residues to the N-terminus of GFP. Emission spectra for GFP-CNTF showed neither a change in absorbance shift nor a difference in the fluorescence quantum yield, when compared with His-GFP at equimolar concentrations. The observed shapes of the fluorescence emission spectra for GFP-CNTF and His-GFP were virtually the same as those reported earlier for native GFP (Morise et al.,1974; Bokman and Ward, 1981) . The absorbance spectrum of GFP-CNTF amounted to the algebraic sum of the single CNTF and GFP spectra and, moreover, retained the profile typical of His-GFP in the region of the chromophore related to GFP. The latter findings are not necessarily obvious, since wavelength mutations of GFP have been described . Also, mutations distant from the chromophore center of GFP can strongly affect the fluorescence signal intensity of GFP (Crameri et al., 1996) . CD spectroscopic analysis showed the GFP-CNTF fusion protein to contain the α-helical and β-sheet structural elements contributed by its two domains, indicating that the GFP and CNTF sequences, although fused, fold independently. This result probably accounts for the fact that GFP-tagged CNTF retains both biological activity and a good fluoresence yield.
GFP-tagged human CNTF, but not His-GFP, bound to immobilized human CNTFRα at concentrations consistent with the known affinity of CNTFRα for CNTF (Panayotatos et al., 1994) . Binding of GFP-CNTF to CNTFRα was dependent on the amount of CNTFRα protein blotted and was reduced by excess CNTF in a concentration-dependent fashion. GFP-CNTF was applied to label fluorescently CNTFRα -expressing Purkinje cells in adult rat cerebellum. GFP-tagged CNTF could thus be used to visualize, at the cellular and subcellular levels, CNTFRα distribution in nervous tissues without the need for time-consuming and complicated immunohistochemical procedures. Owing to the resistance of GFP-CNTF to photobleaching, internalization and translocation of CNTFRα upon CNTF binding to plasma membranes can be studied by timelapse video microscopy. CNTF is retrogradely transported by adult sensory neurons and sensory and motor neurons both show greatly increased transport of CNTF following peripheral nerve lesion (Curtis et al., 1993) . GFP-CNTF may find application in examining the expression and distribution of CNTFRα by injured neurons or non-neuronal cells in the distal nerve and denervated muscle. Conceivably, GFP-CNTF could also be utilized to follow the retrograde movement of CNTF receptor subunits in the nerve after crush. In conclusion, GFPtagged CNTF will provide a new tool for studying in greater detail the interactions between CNTF and its receptor and the roles CNTFRα plays in nervous system physiology and pathology.
